Aim: To investigate the expression of scavenger receptor that binds phosphatidylserine and oxidized lipoprotein (SR-PSOX)/CXC chemokine ligand 16 (CXCL16) in the human monocyte-derived cell line THP-1, and the effect of lentiviral vectors for the stable delivery of SR-PSOX/CXCL16 short hairpin RNA on foam cell formation. 
Introduction
Atherosclerosis is an inflammatory condition characterized by the accumulation of lipids and foam cell formation of monocyte-derived macrophages and smooth muscle cells (SMC) [1, 2] . Oxidatively-modified, low-density lipoprotein (Ox-LDL) and other substances associated with atherogenesis may participate in the activation of monocytes into macrophages. The monocyte-derived macrophage uptake of Ox-LDL is mediated by a relatively large family of scavenger receptors, including scavenger receptor class A (SR-A), CD36 [3] , CD68 [4] , the lectin-like Ox-LDL receptor [5] and scavenger receptor that binds phosphatidylserine and oxidized lipoprotein (SR-PSOX) [6] . SR-PSOX was later found to be identical to CXC chemokine ligand 16 (CXCL16) [7] . SR-PSOX/CXCL16 (henceforth referred to as SR-PSOX) exists in membrane-bound and soluble forms. When binding to the specific chemokine receptor, CXC receptor 6 (CXCR6), SR-PSOX promotes the firm adhesion of cells [8] and SMC proliferation [9] . The proteolytic cleavage of membrane-bound SR-PSOX results in the release of soluble SR-PSOX [8] , which acts as a chemoattractant for CXCR6+ cells [10] . SR-PSOX has been shown to stimulate SMC prolif-eration and cell-cell adhesion [11] . In atherosclerotic lesions, SR-PSOX has been found in lipid-laden intimal macrophages, although its expression has not been detected in normal aortas [12, 13] . These results indicate that SR-PSOX may play a role in foam cell formation and is associated with atherosclerosis [14] . Nevertheless, there has been no efficient and simple approach for studying the effect of SR-PSOX in vitro.
In this study, we successfully constructed a lentiviral expression vector that contained green fluorescence protein (GFP) and SR-PSOX small interfering RNA (siRNA; Lenti-SR-PSOXsi) to investigate the expression of SR-PSOX induced by Ox-LDL and the effect of SR-PSOX in the process of foam cell formation.
Materials and methods
Reagents RPMI-1640 medium, Dulbecco's modified Eagle's medium (DMEM), and HEPES were purchased from Gibco. Fetal bovine serum (FBS) was purchased from Bio International. Low-density lipoprotein (LDL) was from Sigma (St Louis, MO, USA). Lipofectamine 2000 and Trizol were from Invitrogen.
HpaI, XhoI, and T4 DNA ligase were purchased from New England Biolabs. MMLV and the RT-PCR kit were purchased from Promega. The SYBR green PCR kit was purchased from TAKARA. The goat antihuman CXCL16 antibody was from R&D. Polybrene and Oil red O were purchased from Sigma (St Louis, MO,USA). The ViraPower packaging mix (GenScript siRNA expression vector pGCL-GFP, pHelper 1.0, and pHelper 2.0;) and ENi.S (enhanced infection solution) were purchased from Genechem, and oligonucleotide primers were synthesized by Genechem). The ECL Western blotting detection reagent was purchased from Amersham Biosciences.
Cell culture The human monocyte-derived THP-1 cell line and 293T cell line under passage 20 (Shanghai Institute of Cell Biology, Chinese Academy of Sciences, Shanghai, China) were grown in RPMI-1640 medium or DMEM containing 10% fetal bovine serum
-5 mol/L β-mercaptoethanol, 100 units/mL penicillin, and 100 µg/mL streptomycin in a humidified 5% CO 2 atmosphere at 37 °C. The medium was replaced every 3 d during the time of culture. Experimental cells were incubated with Ox-LDL (10, 20 , and 40 mg/L) for different times.
Preparation of Ox-LDL LDL was oxidized at a concentration of 3 mg protein/mL by exposure to 7.5 µmol/L CuSO 4 for 20 h at 37 °C [15] . Oxidation was monitored by measuring the amount of thiobarbituric acid-reactive substances (10.7 nmol/mg protein) produced, and their greater mobilities on agarose gel electrophoresis due to increased negative charge were compared with LDL.
SR-PSOX siRNA design and plasmid construction
The human SR-PSOX cDNA sequence (Genebank accession number: NM_022059) was searched for suitable siRNA target sequences, and GCTGTCTTGATCTCAAAGA was selected. DNA oligos containing the target sequence were chemically synthesized, annealed, and inserted into the expression vector by double digestion with HpaI and XhoI, and ligation with T4 DNA ligase in accordance with the manufacturer's guidelines. The ligate was transformed into competent Escherichia coli DH5α cells. The correct transformant was identified by restriction enzyme analysis and DNA sequencing. GenScript siRNA expression vector pGCL-GFP was used. As a control for SR-PSOX siRNA, a corresponding random siRNA sequence (control siRNA: TTCTCCGAACGTGTCACGT) was used, and the cells were transduced with Lentivirus-NC-marked THP-1NC cells, or Lentivirus-SR-PSOX siRNA-marked THP-1KD cells.
Lentivirus production and transduction Lenti-SR-PSOXsi and Lenti-NC virus were produced by plasmid cotransfection of 293T cells, as described previously [16] . 293T cells were transfected with ViraPower packaging mix using 100 µL Lipofectamine 2000 reagent according to the manufacturer's instructions. The viral supernatant was harvested 48 h after transfection, passed through 0.45 µm filters and concentrated, and the viral titer was determined. The viral supernatant was added into target THP-1 cells at multiplicity of infection (10, 100, 200) with ENi.S and 5 µg/mL polybrene to obtain stablytransfected THP-1KD and THP-1NC cells.
3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide assay for cell viability Upon exposure of the cells to Ox-LDL, Lenti-SR-PSOXsi, or Lenti-NC for 48 h, cell viability was measured by 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay [17] . In brief, the cells were incubated with 1 mg/mL MTT for 2 h at 37 °C. MTT/formazan was extracted by overnight incubation at 37°C with 100 µL extraction buffer (20% SDS and 50% formamide adjusted to pH 4.7 with 0.02% acetic acid and 0.025 mol/L HCl). Optical densities at 570 nm were measured using extraction buffer as a blank.
Flow cytometry analysis Flow cytometry was performed using Becton Dickinson FACSCalibur instrument. GFP was detected in cells suspended in fluorescence-activated cell sorting buffer comprising 0.5% bovine serum albumin in phosphate-buffered saline (PBS) supplemented with 0.05% sodium azide. The sorting of live GFP positive cells was calculated.
Real-time quantitative RT-PCR analysis RNA was collected by using Trizol reagent, and cDNA was reverse transcribed using MMLV. The expression level of SR-PSOX mRNA was analyzed by real-time quantitative reverse tran-scriptase PCR using a LightCycler instrument. cDNA was used for real-time quantitative RT-PCR using the SYBR green PCR master mix. The PCR conditions consisted of 35 cycles, with 10 s denaturation at 94 ºC, 30 s annealing at 62 ºC, and 30 s primer extension at 72 ºC. The primers were as follows: SR-PSOX (forward: 5'-CAGGAATTGATGAGCTGTCTTG-3'; reverse: 5'-CCGCAGTGTGAATGGTGG-3') and human actin (SR-PSOX values were normalized against human actin; forward: 5'-GTGGACATCCGCAAAGAC-3'; reverse: 5'-AAAGGGTGTAACGCAACTA-3'). All real-time RT-PCR results were expressed as fold changes in mRNA expression with respect to the control cells. Target gene expression was normalized to the expression of the housekeeping gene 18S for each sample. Data were analyzed using the 2 -∆∆CT method [18] . All reactions were performed in triplicate. The efficacy of the 4r target sequences was evaluated, and the best was chosen for subsequent experiments.
Western blotting analysis After the transfection of THP-1 cells, the cells were rinsed with PBS and lysed with SDS-PAGE protein loading buffer containing 5% 2-mercaptoethanol. Cell lysates with equal amounts of total protein were then separated on 10% SDS-polyacrylamide gels with a 12% polyacrylamide gel, and transferred onto nitrocellulose paper. The resulting Western blots were incubated with 5% non-fat milk for 1 h and then incubated overnight at 4 °C with a 1 µg/mL of goat antihuman CXCL16 antibody. The blots were then washed 3 times with 0.05% Tween-20 in TBS and incubated with 1:5000 dilution of peroxidase-conjugated secondary antigoat immunoglobulin for 2 h at an ambient temperature. After further washing, the chemiluminescent substrate stable peroxidase and substrate luminol/enhancer solutions were added. The blots were developed using ECL Western blotting detection reagent. The blots were then applied to Kodak X-Omat film, and immunoreactive proteins were visualized on the developed film.
Oil red O-stain analysis For the Ox-LDL uptake experiments, THP-1KD cells were differentiated into adherent macrophages by treatment with 160 nmol/L phorbol ester for 24 h [10] . The foam cell model derived from macrophages was established 48 h after the addition of 40 mg/L Ox-LDL into a RPMI-1640 medium of macrophages. At the same time, the normal THP-1 cells were incubated with or without Ox-LDL as the control. At the designated time points after the Ox-LDL uptake experiments, THP-1 or THP-1KD cells were fixed in PBS-buffered 2% paraformaldehyde solution for 15 min, and 0.5 % Oil red O (in 60% isopropanol) staining was done for 20 min as described [10] . Cell nuclei were then stained in hematoxylin for a few seconds. All procedures were performed at room temperature. Lipid droplet accumulation in the foam cells was evaluated under a microscope (Leica, Germany). Foam cells were defined as macrophages in which the entire cytoplasm was filled with Oil Red O-stainable lipid droplets.
Statistical analysis Each experiment was performed at least 3 times, and data are shown as the mean±SD where applicable. Statistically significant differences between groups in each assay were determined by ANOVA, followed by post-hoc Dunnett's t-tests. The probability of <0.05 was considered to be statistically significant. Cell viability Upon exposure of the cells to Ox-LDL, Lenti-SR-PSOXsi or Lenti-NC for 48 h, cell viability was measured by MTT assay (Figure 3 ). There was no difference in cell viability between all groups.
Results

Ox-LDL induces SR-PSOX expression in THP-1 cells
Effect of Lenti-SR-PSOXsi on mRNA expression Lenti-SR-PSOXsi to reduce the level of SR-PSOX mRNA in THP-1 cells pretreated with 40 mg/L Ox-LDL was tested. Four days after the transduction of Lenti-SR-PSOXsi, SR-PSOX mRNA expression was significantly decreased in THP-1KD cells with or without Ox-LDL, and the SR-PSOX mRNA inhibition rate was 84.6% and 75.3%, respectively, compared with the untreated THP-1 cells (Figure 4) . 
Effect of Lenti-SR-PSOXsi on protein expression
Discussion
Ox-LDL is generally accepted as a pathogenic factor in atherosclerosis. Macrophages express several scavenger receptors [1] [2] [3] [4] [5] [6] that are capable of taking up Ox-LDL and mediate massive accumulation of cholesterols characteristic of macrophage foam cells [1, 2] . SR-PSOX is a unique chemokine and a scavenger receptor for Ox-LDL in macrophages. SR-PSOX was previously found in lipid-laden intimal macrophages in atherosclerotic lesions of human carotid and coronary arteries [6] . This supports the notion that SR-PSOX could be involved in Ox-LDL uptake by lesion macrophages. It was found in our experiment that the SR-PSOX expression was significantly increased in THP-1 cells induced by Ox-LDL in a time-and dose-dependent manner. These results suggested that the SR-PSOX expression in THP-1 cells was regulated by Ox-LDL.
RNA interference (RNAi) is a powerful tool for studying protein function [19] [20] [21] [22] . The effective delivery of siRNA molecules into target cells or tissues is critical for successful RNAi application. Lentiviral vectors can effectively transduce exogenous genes with the long-term expression of transgenes [16] and have a promising future in clinical applications [20, 22] . To study the role of SR-PSOX, we described the use of HIV-1-based lentiviral vectors for the delivery of short hairpin RNA, a precursor of SR-PSOX siRNA, into THP-1 cells to suppress the SR-PSOX gene expression. The accumulation of Ox-LDL resulted in foam cell formation, a hallmark of early atherosclerotic lesions [23] . In foam cell models derived from SMC incubated with Ox-LDL, SR-PSOX/CXCL16 and TNF-α were increased during foam cell formation; the stable transfection of SMC with recombinant human SR-PSOX/CXCL16 could promote foam cell formation and upregulate the expression of TNF-α [6] . In our study investigating the involvement of SR-PSOX in macrophage-derived foam cell formation, we found that SR-PSOX siRNA could reduce the uptake of Ox-LDL and decrease the development of macrophage-derived foam cells by inhibiting the expression of SR-PSOX. This finding strongly suggests that the high expression of macrophage SR-PSOX increased foam cell formation in vitro. A recent finding [24] showed that internalized macrophages from CXCL16-/-mice significantly lessened Ox-LDL compared to wild-type macrophages. This result is similar to our study in vitro, indicating that CXCL16 mediates a significant portion of Ox-LDL uptake in vivo and in vitro. This result closely approxi- mates the values obtained in SR-A-deficient macrophages [25] , suggesting that a significant portion of SR-A-independent accumulation of Ox-LDL is mediated by SR-PSOX. We there-fore conclude that the effects of SR-PSOX on monocyte differentiation, foam cell formation, and the progress of atherosclerosis are complex and need more studies in vivo.
In this study, we demonstrated that the lentiviral expression vector is a powerful and effective tool for investigating the effect of SR-PSOX in vitro, and SR-PSOX deficiency could decrease Ox-LDL uptake by monocyte-derived macrophages and the formation of foam cells, which may be a key factor involving the progression of atherosclerosis. The precise mechanisms require further clarification.
